Epithelial Morphogenesis: Netrin Comes to a Sticky and Terminal End  by Slorach, Euan M. & Werb, Zena
Epithelial Morphogenesis: Netrin
Comes to a Sticky and Terminal End
Euan M. Slorach and Zena Werb
Netrin and its receptor Neogenin are thought to be
regulators of axonal guidance in the nervous system.
A recent report suggests they also play a role in
epithelial morphogenesis.
Netrins are a family of secreted glycoproteins that have
been extensively studied as regulators of axonal guid-
ance mediated through two different receptor families:
the DCC receptor family, which includes Neogenin,
and the UNC5H family of receptors [1]. Relatively little
is known about Neogenin within the nervous system,
and even less is known about the function of Netrin
and Neogenin outside of the nervous system, despite
their wide range of expression. A recent paper by Srini-
vasan et al. [2] describes the expression of Netrin-1
(Ntn-1) and Neogenin (Neo1) in the mouse mammary
gland, and reports that glands developing from Ntn-1
or Neo1 mutant tissue are abnormal, suggesting an
adhesive role for this receptor–ligand system during
mammary gland morphogenesis.
Ntn-1 and Neo1 are expressed in mutually exclusive
regions of the mammary terminal end buds, which are
highly proliferative structures found at the invading
edge of developing mammary glands (Figure 1). They
first appear around birth in the mouse in response to
maternal hormones. The mammary gland then remains
in a static phase until puberty (~4 weeks of age) when
terminal end buds re-appear and lead the mammary
ductal invasion of the mammary fat pad [3]. Prolifera-
tion takes place in the outer cell layer of the terminal
end bud, known as the cap cell layer. Cap cells prolif-
erate and differentiate into both epithelial cells lining
the mammary duct and myoepithelial cells which sur-
round the ductal epithelium, and therefore represent a
progenitor stem cell population. Once the terminal end
buds reach the end of the fat pad, as yet unidentified
signals instruct the terminal end buds to become qui-
escent, and they are replaced by terminal end ducts
and alveolar buds.
Ntn-1 is produced by both ductal epithelial cells and
prelumenal cells of the terminal end bud, where it is
secreted and localized among the prelumenal cells,
cap cells and immediately surrounding stroma [2].
Neo1 meanwhile is expressed exclusively on the
surface of cap cells. Mice homozygous mutant for
Ntn-1 or Neo1 die before the pubertal development of
mammary glands, however mammary glands from
Ntn-1 and Neo1 mutant embryos can be transplanted
into the cleared fat pads of nude mice to allow
continuing mammary development. Ntn-1 and Neo1
mutant mammary glands display the same phenotype:
although able to form a full ductal network, the
terminal end buds are disorganized with an enlarged
subcapsular space containing loose cells, likely origi-
nating from the cap cell layer. Disruption of the basal
lamina and increased apoptosis are also detected. To
confirm that Ntn-1 and Neo1 play an adhesive role in
the terminal end bud, an in vitro assay was performed
with L1 cells expressing Neo1: Srinivasan et al. [2]
found that the addition of netrin to the cell culture led
to cell aggregation.
It is unclear if netrin–neogenin functions as an
adhesive complex itself, or if it is an essential signal-
ing component for adhesion. Neo1 is a member of a
N-CAM-like cell surface receptor family [4], while Ntn-
1 shows significant sequence similarity to laminin and
contains the integrin-binding RGD motif [5]. Experi-
ments using function-blocking antibodies against β1
integrin have shown that it is required for correct ter-
minal end bud formation and mammary development,
but there is no change in terminal end bud structure
or levels of apoptosis [6]. Although Ntn-1 is a
secreted protein, it is primarily localized on the cell
surface and can also bind to the extracellular matrix
(ECM) [7]. Ntn-1 bound to the cell surface of pre-
lumenal cells immediately adjacent to the cap cells
may directly bind to cap cell Neo1, forming an
adhesive complex (Figure 2A). Alternatively, Ntn-1
may bind to the ECM and/or basement membrane,
thus providing an adhesive anchor for the cap cells.
However, no obvious Ntn-1 was seen on the terminal
end bud basement membrane by immunostaining,
although it is still possible that low, yet sufficient
levels, are present. Rather than acting as an adhesive
directly, Ntn-1 may bind Neo1 on the cap cell surface
and initiate a signaling cascade that leads to the
downstream expression of appropriate adhesion mol-
ecules (Figure 2B). 
It is not clear what signaling pathways are used by
Ntn-1–Neo1, but there has been speculation it may
involve cAMP [8], MAP kinase [9] and/or a member of
the Rho-GAP family, p190-B [10]. A recent paper by
Chakravarty and colleagues [11] on mammary gland
development in p190-B mutant mice describes a hap-
loinsufficiency phenotype of reduced cap cell prolifera-
tion, leading to a reduction in ductal growth; there was,
however, no report of any disruption to terminal end
bud morphology. A complete knockout of p190-B
results in a total absence of mammary epithelium. It is
therefore unclear whether p190-B is required for Ntn-1
signaling. P-cadherin is expressed by cap cells and is
used to maintain cell–cell adhesion. Earlier experiments
showed that addition of anti-P-cadherin antibodies to
mouse mammary glands causes a phenotype very
similar to that seen in Ntn-1/Neo1 null glands [12]. But
P-cadherin is expressed and correctly localized in the
Ntn1/Neo1 mutant glands, although this does not rule
out the fact that Ntn-1/Neo1 may affect P-cadherin-
mediated adhesion in a more indirect way.
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Interestingly, a proportion of mice heterozygous for
a mutation in the gene encoding the Sonic hedgehog
(Shh) receptor Patched have disorganized terminal
end buds [13]. The cap cell layer and underlying pre-
lumenal layers appear disrupted in these mice, while
the basic patterning of the ductal network itself is
unaffected, as is seen in the Ntn-1/Neo1 mutants.
Hedgehog signaling has been shown to regulate Ntn-
1 expression in vertebrates [14].
What is the consequence of the disorganized termi-
nal end bud? The authors Srinivasan et al. [2] raise the
possibility that mutations in either Ntn-1 or Neo1 may
increase the risk of breast cancer. The argument is that
the cap cells, as progenitor cells, are targets for muta-
genesis and tumor formation. Disruption of the cap cell
layer may lead to deregulation of these cells and so
increase the risk of cancer. The terminal end buds are
transient structures, however, present only through
puberty after which they are replaced by quiescent ter-
minal end ducts. The cap cells’ role as proliferative
stem cells is then finished and this role is taken over by
stem cells found throughout the ductal network [15].
Given their relatively short lifespan, it would seem
very unlikely, if not impossible, that cap cells would
undergo tumorigenesis, particularly as any mutant cap
cells would likely be replaced by ductal stem cells that
continue to proliferate long after the terminal end buds
have disappeared. Significantly, Ntn-1+/- mice are hap-
loinsufficient for the terminal end bud phenotype, yet no
tumor incidence was described, and an earlier report
suggested that Neo1 is unlikely to play a role in tumori-
genesis [16]. However, the identification of Ntn-1–Neo1
as an adhesive complex in the mammary gland is impor-
tant, not only as the first report of a function for Neo1,
but also as a demonstration that Ntn-1 and Neo1 do
indeed have functions outside of the nervous system.
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Figure 1. Structure of the mammary
terminal end bud.
A schematic showing an outline of the
pubescent mammary ductal network and
a more detailed structure of the terminal
end bud in the mouse mammary gland.
During puberty, the outer cap cell layer
undergoes extensive proliferation and
penetrates the surrounding stroma con-
taining adipocytes, fibroblasts and the
extracellular matrix. In between the cap
cells and the pre-lumenal cells lies the
subcapsular space.
Adipocyte
Pre-lumenal cells
Mammary ductal network 
Extracellular
matrix
Fibroblast
Cap cell
layer
Terminal end bud
Subcapsular
space
Current Biology
7. Manitt C, Colicos MA, Thompson KM, Rousselle E, Peterson AC,
Kennedy TE: (2001). Widespread expression of netrin-1 by neurons
and oligodendrocytes in the adult mammalian spinal cord. J. Neu-
rosci. 21, 3911-3922.
8. Corset V, Nguyen-Ba-Charvet KT, Forcet C, Moyse E, Chedotal A,
Mehlen P: (2000). Netrin-1-mediated axon outgrowth and cAMP
production requires interaction with adenosine A2b receptor.
Nature 407, 747-750.
9. Forcet C, Stein E, Pays L, Corset V, Llambi F, Tessier-Lavigne M,
Mehlen P: (2002). Netrin-1-mediated axon outgrowth requires
deleted in colorectal cancer- dependent MAPK activation. Nature
417, 443-447.
10. Brouns MR, Matheson SF, Settleman J: (2001). p190 RhoGAP is the
principal Src substrate in brain and regulates axon outgrowth, guid-
ance and fasciculation. Nat. Cell Biol. 3, 361-367.
11. Chakravarty G, Hadsell D, Buitrago W, Settleman J, Rosen JM:
(2003). p190-B RhoGAP regulates mammary ductal morphogenesis.
Mol. Endocrinol. 13, 13.
12. Daniel CW, Strickland P, Friedmann Y: (1995). Expression and func-
tional role of E- and P-cadherins in mouse mammary ductal mor-
phogenesis and growth. Dev. Biol. 169, 511-519.
13. Lewis MT, Ross S, Strickland PA, Sugnet CW, Jimenez E, Scott MP,
Daniel CW: (1999). Defects in mouse mammary gland development
caused by conditional haploinsufficiency of Patched-1. Develop-
ment 126, 5181-5193.
14. Lauderdale JD, Pasquali SK, Fazel R, van Eeden FJ, Schauerte HE,
Haffter P, Kuwada JY: (1998). Regulation of netrin-1a expression by
hedgehog proteins. Mol. Cell. Neurosci. 11, 194-205.
15. Welm BE, Tepera SB, Venezia T, Graubert TA, Rosen JM, Goodell
MA: (2002). Sca-1(pos) cells in the mouse mammary gland repre-
sent an enriched progenitor cell population. Dev. Biol. 245, 42-56.
16. Meyerhardt JA, Look AT, Bigner SH, Fearon ER: (1997). Identifica-
tion and characterization of neogenin, a DCC-related gene. Onco-
gene 14, 1129-1136.
Current Biology
R493
Figure 2. Alternative mechanisms of
Netrin-mediated cap cell adhesion.
(A) The netrin Ntn-1 is expressed by the
pre-lumenal cells and localized on the cell
surface. Adjacent cap cells express the
Ntn-1 receptor, the neogenin Neo1 on
their cell surface. Binding of Ntn-1 to
Neo1 generates an adhesive complex
maintaining the juxtaposition of cap and
pre-lumenal cells. (B) Ntn-1 is localized on
the cell surface of pre-lumenal cells and is
secreted into the subcapsular space facil-
itating binding to Neo1 on the cap cell
surface. Ntn-1 binding initiates a signaling
cascade that leads to expression of
appropriate adhesion molecules on the
cap cell surface that bind to proteins
localized on the surface of neighboring
pre-lumenal cells.
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